S ickle cell disease is an increasing global health problem. Estimates suggest that every year approximately 300,000 infants are born with sickle cell anemia, which is defined as homozygosity for the sickle hemoglobin (HbS) gene (i.e., for a missense mutation [Glu6Val, rs334] in the β-globin gene [HBB] ) and that this number could rise to 400,000 by 2050. 1 Although early diagnosis, penicillin prophylaxis, blood transfusion, transcranial Doppler imaging, hydroxyurea, and hematopoietic stem-cell transplantation can dramatically improve survival and quality of life for patients with sickle cell disease, our understanding of the role of genetic and nongenetic factors in explaining the remarkable phenotypic diversity of this mendelian disease is still limited. Better prediction of the severity of sickle cell disease could lead to more precise treatment and management. Beyond well-known modifiers of disease severity, such as fetal hemoglobin (HbF) levels and α-thalassemia, other genetic variants might affect specific subphenotypes. Similarly, although the influence of altitude and temperature has long been reflected in advice to patients with sickle cell disease, recent studies of nongenetic factors, including climate and air quality, suggest more complex associations between environmental factors and clinical complications. 2 New treatments and management strategies accounting for these genetic and nongenetic factors could substantially and rapidly improve the quality of life and reduce health care costs for patients with sickle cell disease.
Dis tr ibu tion a nd Bur den of Dise a se
Sickle cell disease is the most common monogenic disorder. 3 The prevalence of the disease is high throughout large areas in sub-Saharan Africa, the Mediterranean basin, the Middle East, and India because of the remarkable level of protection that the sickle cell trait (i.e., heterozygosity for the sickle cell mutation in HBB) provides against severe malaria. 4 Although the exact role of several mechanisms of protection that have been identified is still being debated, the "malaria hypothesis" formulated by Haldane in 1949 and by Allison in 1954 is a textbook example of natural selection and balanced polymorphism, a process that is ongoing. 5 Because of slave trading and contemporary population movements, the distribution of sickle cell disease has spread far beyond its origins. 6 Population estimates in the United States suggest that a total of approximately 100,000 persons have the disease. 7 There is neither a reliable, all-age estimate for any other country nor a global estimate, but newborn estimates consistently suggest that approximately 300,000 babies per year are born with sickle cell anemia. 8 The vast majority of these births occur in three countries: Nigeria, the Democratic Republic of the Congo, and India (Fig. 1 ). n engl j med 376;16 nejm.org April 20, 2017 The number of patients with sickle cell disease is expected to increase, both in high-income and lower-income countries. 1, 9 In high-income countries, this increase largely reflects gains in life expectancy among affected persons as a result of interventions such as newborn screening, penicillin prophylaxis, primary stroke prevention, and hydroxyurea treatment (Table 1) . 14 Life expectancy has improved significantly in high-income countries over the past 40 years, with childhood mortality now close to that in the general population 15 and an observed median survival of more than 60 years. 16 Despite these remarkable achievements, life expectancy for patients with sickle cell disease is reduced by about 30 years, even with the best medical care, and the quality of life is often poor. Hydroxyurea treatment -the sole approved pharmacologic therapy for sickle cell diseaseis increasingly used in both adults and children. 17 However, treatment and management of the disease remain costly, 18 making full access to care available only for the most privileged; otherwise, access is very limited because of increasing pressures on public health services. 19 New developments in the management of sickle cell disease are highlighted by many recent and ongoing phase 3 clinical trials (Table S1 in the Supplementary Appendix, available with the full text of this article at NEJM.org) and by the increasing numbers of patients who are benefiting from hematopoietic stem-cell transplantation ( Table S2 in the Supplementary Appendix).
In lower-income countries, where childhood mortality from all causes has been substantially reduced in the past two decades, 20 increased numbers of affected babies and young children now survive to adulthood, requiring diagnosis and treatment. In Africa, where there is a lack of newborn screening and routine childhood vaccinations and where malaria, malnutrition, and poverty remain important challenges, the mortality among children with sickle cell disease who are younger than 5 years of age can be as high as 90%. 21 Although a few large-scale screening programs have been successfully launched relatively recently ( Table S3 in the Supplementary Appendix), the lack of a basic health care infrastructure in many regions makes the prevention and management of sickle cell disease extremely difficult.
Pathoph ysiol ogy
Sickle cell disease is a multisystem disorder that is caused by a single gene mutation. Nearly every organ in the body can be affected ( Fig. 2 ). Characterized by the presence of abnormal erythrocytes damaged by HbS, this variant of normal adult hemoglobin (HbA) is inherited either from both parents (homozygosity for the HbS gene) or from one parent, along with another hemoglobin Data are based on estimates from Piel et al. 1 Alaska is shown separately from the rest of the United States. Ware et al., 11 and Yawn et al. 12 Data on availability in low-resource areas are from Bello-Manga et al. 13 HbS denotes sickle hemoglobin.
The variant, such as hemoglobin C (HbC), or with β-thalassemia (compound heterozygosity). When deoxygenated, HbS polymerizes, damaging the erythrocyte and causing it to lose cations and water. These damaged cells have abnormalities in rheologic features and in the expression of adhesion molecules, resulting in hemolytic anemia and a likelihood of blocked small blood vessels, which in turn cause vaso-occlusion ( Fig. S1 in the Supplementary Appendix). Vaso-occlusion typically causes acute complications, including ischemic damage to tissues, resulting in severe pain or organ failure. The acute chest syndrome is a typical example of organ failure in sickle cell disease and one of the leading causes of hospitalization and death among patients. 23 Although HbS polymerization, vaso-occlusion, and hemolytic anemia are central to the pathophysiology of sickle cell disease, they precipitate a cascade of pathologic events, which in turn lead to a wide range of complications. These processes include vascular-endothelial dysfunction, functional nitric oxide deficiency, inflammation, oxidative stress and reperfusion injury, hypercoagulability, increased neutrophil adhesiveness, and platelet activation. 3 The interaction and relative importance of these disorders are poorly understood and probably differ according to the particular complication. Chronic complications fall into two main groups: those related to largevessel vasculopathy (cerebrovascular disease, pulmonary hypertension, priapism, and retinopathy) and those caused by progressive ischemic organ damage (hyposplenism, renal failure, bone disease, and liver damage). Hyposplenism is a particularly important cause of illness and death in young children because of the increased risk of infection.
Patients with sickle cell disease may have any of a number of hemoglobin genotypes. Nearly all genetic studies of sickle cell disease have concentrated on the genotype of sickle cell anemia (i.e., HBB Glu6Val, rs334). Other genotypes of sickle cell disease are due to compound heterozygosity for the HbS gene and other hemoglobin (Hb) variants such as HbC, HbE, and HbD or to the many varieties of HbS-β-thalassemia. With the exception of HbS-β 0 -thalassemia (β 0 denotes no HbA), the compound heterozygous genotypes of sickle cell disease are usually less clinically severe than is the genotype of sickle cell anemia. Nevertheless, within each sickle cell disease genotype there is substantial phenotypic heterogeneity.
Many studies have investigated phenotypegenotype relationships in sickle cell disease. Early evidence from studies of patients with sickle cell disease who were exposed to high altitude highlighted the influence of environmental factors on disease complications. 24 Later, the genetic identification of several haplotypes of the HbS gene (Bantu, Benin, Cameroon, Senegal, and Arab-Indian), suggesting different origins of the HbS mutation across areas of high prevalence, led to speculation that the HbS gene haplotype could explain phenotypic differences. 25 A pilot study, looking at nine identical twin pairs, tried to disentangle the roles of genetic and nongenetic factors, with interesting but limited results because of the small sample. 26 The following sections summarize current knowledge of the role of genetic and nongenetic modifiers ( Fig. 3 ).
Gene tic Modifier s of Dise a se
Se v er it y
The phenotypic diversity of sickle cell anemia is partially explained by genetic variants controlling the expression of the HbF genes and coinheritance of the α-thalassemia gene. The role of other potential genetic modifiers is less clear.
α-Thalassemia
Polymerization of deoxygenated HbS initiates the pathologic changes that characterize sickle cell disease. The rate of HbS polymerization is highly dependent on the erythrocyte hemoglobin level, with lower levels of HbS leading to less cellular damage; α-thalassemia reduces the level of hemoglobin in the cell, indirectly mitigating HbS polymer-induced erythrocyte damage. 27 Caused most often by the deletion of one or two of the four α-globin genes, α-thalassemia is present in a third of patients of African origin and up to half of patients of Middle Eastern or Indian descent. 28 The coinheritance of α-thalassemia and sickle cell anemia is characterized by higher hemoglobin levels than the inheritance of sickle cell anemia alone, as well as by a lower mean corpuscular volume, less hemolysis, and fewer complications that have been associated with hemolysis epidemiologically (Table 2 ). Conversely, some features of disease associated with sickle cell vaso-occlusion, such as acute painful episodes, are more common in coinherited sickle cell anemia and α-thalassemia (Table 2) , perhaps because of a higher packed-cell volume. 30, 31 Vascular homeostasis is maintained by endothelial nitric oxide, which relaxes perivascular smooth muscle. [32] [33] [34] The reduction in some hemolysis-associated complications in patients with both sickle cell anemia and α-thalassemia was hypothesized to result in part from preserved nitric oxide bioavailability that is compromised by intravascular hemolysis of sickle erythrocytes. During hemolysis, hemoglobin released into the plasma reacts with nitric oxide, forming inert nitrate, and erythrocyte arginase metabolizes arginine, the substrate for nitric oxide synthases. Nitric oxide activity is also inhibited by reaction with asymmetric dimethylarginine. 35, 36 Nitric oxide bioavailability contributes to the phenotypic variability of sickle cell disease beyond coinheritance of α-thalassemias. 37
Fetal Hemoglobin
HbF interrupts polymerization of deoxygenated HbS, since HbF is excluded from the HbS polymer. 38 HbF levels peak in midgestation; by the time an unaffected, healthy infant reaches the age of 6 months, HbF accounts for less than 1% of the total hemoglobin, but the levels are higher in most adults with sickle cell disease ( Table S4 in the Supplementary Appendix).
The first genetic variant associated with increased HbF in sickle cell anemia, which was a marker of the Senegal haplotype of the HBB cluster, was a single-nucleotide polymorphism Arrows indicate whether the factor is usually associated with a milder or a more severe phenotype. The scale for nongenetic biomarkers is only indicative, since much of the evidence is inconsistent. CAR denotes Central African Republic, CO carbon monoxide, HbF fetal hemoglobin, NO nitric oxide, NO 2 nitrogen dioxide, O 3 ozone, PM particulate matter, and SO 2 sulfur dioxide. (SNP) (rs7482144) in the promoter region of HBG2, one of the paired HbF genes. 39 Carriers of this haplotype had HbF levels of about 10%, as compared with 5 to 6% in carriers of the two other common African haplotypes ( Table S4 in the Supplementary Appendix). The silencing of the HbF genes from fetal development to adulthood is accounted for by the activity of BCL11A and ZBTB7A. 40 Genetic variation of an erythroidspecific enhancer of BCL11A, along with polymorphisms in an enhancer of MYB, explains 10 to 50% of the observed HbF variance among persons with sickle cell anemia, depending on the population examined. [41] [42] [43] In the Eastern Province of Saudi Arabia and in India, the HbS gene is often on an autochthonous Arab-Indian HBB haplotype. In these cases, HbF levels in adults are nearly twice those found in the Senegalese haplotype. Consequently, the disease, especially in childhood, when HbF levels are about 30%, is usually milder. [44] [45] [46] The genetic basis of high HbF levels in these persons might in part lie in haplotype-specific polymorphisms of the superenhancer of the HBB cluster and other variants exclusive to this haplotype [47] [48] [49] ( Table S4 in the Supplementary Appendix). Saudi patients with the Benin haplotype have HbF levels that are nearly twice as high as the levels in African patients with the same haplotype. The reason for this difference is unknown.
HbF does not ameliorate all subphenotypes of disease to the same extent ( Table 2 ). The critical determinant of the effect of HbF on the phenotype of sickle cell disease is its level in each erythrocyte. 50 In compound heterozygotes for HbS and hereditary persistence of HbF where HBB is deleted, HbF makes up approximately 30% of total hemoglobin and is homogeneously distributed in the red-cell population, with each cell containing about 10 pg. This level is sufficient to thwart polymerization of deoxygenated HbS so that persons with this genotype have nearly normal hemoglobin levels and are mostly asymptomatic. Although hydroxyurea increases HbF levels in most patients, its distribution in sickle erythrocytes is heterogeneous. Cells with lower HbF levels are afforded less protection from polymerinduced damage, hemolytic anemia persists, and most patients remain symptomatic, albeit with a reduced rate of complications and perhaps improved survival. Alongside hydroxyurea, several new treatments based on HbF induction (e.g., histone deacetylase inhibitors, lysine-specific histone demethylase 1 [LSD1] inhibitors, and immunomodulatory drugs) are currently in various phases of investigation. 51
Other Genetic Modifiers
The biologic complexity of sickle cell disease provides numerous sites for its genetic modula- tion by genes whose primary actions are extraerythrocytic. Many genetic polymorphisms have been associated with specific subphenotypes, with either a protective or a permissive effect on the biologic feature of interest. The clearest association markers have been found for stroke. Thirtyeight SNPs in 22 genes were genotyped in 130 patients with sickle cell anemia and stroke and in 103 patients who had sickle cell anemia without stroke (controls). 52 In addition to the known association of α-thalassemia with a reduced risk of stroke, SNPs in ANXA2, TEK, ADCY9, and TGFBR3 were associated with an increased or a decreased risk of stroke. These results partially confirmed the results of a study that tested 108 SNPs in 39 candidate genes and showed that 31 SNPs in 12 genes modulated the risk of stroke. 53 Other genetic markers include polymorphisms in the genes for the bacteremia, osteonecrosis, and priapism subphenotypes (CCL5, BMP6, and KL, respectively). 29 A consistent result of studies that preselected candidate genes to test the association of their variants with multiple subphenotypes was the detection of associations with several genes of the transforming growth factor β-SMAD-bone morphogenetic protein pathway. 29 This pathway regulates diverse cellular processes that are important in the pathophysiology of sickle cell disease, including inflammation, fibrosis, cell proliferation and hematopoiesis, osteogenesis, angiogenesis, wound healing, and the immune response. Genomewide association studies, which provide an unbiased assessment of the genetic association with a phenotype, have not replicated these candidate gene-based results. Such studies require thousands of participants and careful phenotypic analysis to achieve statistical significance if the contribution of a genetic variant to a phenotype is small. For sickle cell disease, obtaining such a large sample has not been possible. Other than the results of studies using the HbF level as a subphenotype, genomewide association studies have so far contributed little to an understanding of the genetic basis of phenotypic heterogeneity in sickle cell disease.
Nongene tic Modifier s of Dise a se Se v er it y
Research has mostly focused on genetic variants that account for the phenotypic variability of sickle cell disease, and the role of nongenetic factors has been relatively neglected. However, nongenetic factors may explain much of the clinical variability. Most dramatically, the survival of children with sickle cell disease in highincome countries approaches that of unaffected children, 54 whereas in most of sub-Saharan Africa, up to 90% of children with sickle cell disease die, 55 even though these are genetically very similar populations. Nongenetic factors include climate and air quality, as well as socioeconomic factors, which are assessed, for example, on the basis of access to medical care, safe blood transfusions, and treatment of infections.
Climatic and Meteorologic Factors
A link between cold weather and acute complications of sickle cell disease was first described in the United States in 1924. 56 Proposed mechanisms include cold weather causing increased infections and peripheral vasoconstriction causing higher deoxygenation, decreasing shear flow 57 and vascular steal effects. 58 However, the link between cold weather and acute pain has been identified inconsistently in larger time-series analyses. Studies conducted in Ghana, 59 New York, 54 Virginia, 60 ,61 Jamaica, 62 Kuwait, 63 and Canada 64 suggest a link between cold and pain across a range of climates. Conversely, no effects of cold weather were found in Chicago 65 and Atlanta 66 and in two separate studies conducted in London. 67, 68 A large study in Paris recently showed that both hot and cold weather were associated with increased episodes of pain. 69 These inconsistent findings may reflect differences in the methods and analyses used in these studies, which were all limited to analyzing the number of hospital admissions, which is a very indirect surrogate for pathophysiological changes associated with temperature variations. Some of the inconsistencies may also reflect the influence of location-specific features, including housing, clothing, and social and geographic factors, on the effects of temperature. 2 Although not usually noted by patients, wind speed has emerged as a factor that is consistently associated with pain in sickle cell disease, and higher wind speeds have been associated with increased hospital admissions for pain in England, 68 France, 69 Canada, 64 and the United States. 70 It is unclear how high wind speeds might precipitate episodes of acute pain, although there is evidence that skin cooling can provoke vaso-occlu- sion, 71 possibly as a result of impaired control of vascular tone. 71 Both high and low humidity have been associated with increased hospital admissions for pain, 2 and higher pain scores were associated with increased humidity in a study in Canada. 64 Increased episodes of acute pain are reported during the rainy season in regions with tropical climates, such as Jamaica 62 and Nigeria, 59 although no consistent effects of rain emerge where the climate is temperate, such as France 69 and England. 68 Again, the inconsistencies may be due to differences in housing and social factors.
Air Quality
Air pollution is emerging as an important cause of illness, although its role in sickle cell disease is poorly understood. In Europe and the United States, patients with sickle cell disease live predominantly in urban areas, 2 where they are exposed to high concentrations of pollutants, including several with bioactivity. As discussed above, sickle cell disease is associated with functional nitric oxide deficiency. 72 Small, retrospective studies in London suggested that short-term exposure to higher atmospheric nitric oxide levels was associated with fewer hospital admissions 73 and that prolonged exposure was associated with decreased markers of hemolysis. 74 Carbon monoxide is another bioactive, gaseous pollutant, which in theory may be of therapeutic benefit in sickle cell disease, since carboxyhemoglobin is locked in the R (relaxed) form and cannot polymerize. The therapeutic role of carbon monoxide is currently being explored in a trial of pegylated bovine carboxyhemoglobin. 75 Studies in both Paris and London showed that higher atmospheric levels of carbon monoxide were associated with decreased hospital admissions for acute pain, 73 although the opposite effect was found in São Paulo. 76 Other potentially important pollutants include ozone (O 3 ), nitrogen oxides (NO and NO 2 ), sulfur oxides (SO and SO 2 ), and particulate matter (PM 10 and PM 2.5 [i.e., particulate matter with an aerodynamic diameter of 10 μm and 2.5 μm, respectively]), which have all been associated to varying degrees with complications in patients with sickle cell disease, without a coherent picture emerging. 73, 74, 76 There is good evidence that asthma is exacerbated by air pollutants, particularly ozone, 77 and there is a strong association between asthma and acute complications of sickle cell disease. 78 The analysis and interpretation of climatic and air-quality effects are complicated by the close correlations among the various factors and the lack of consistency in methodologic and statistical approaches. Furthermore, all studies so far have looked at associations at the population level. The hope is that increasing use of mobile sensors to assess individual exposure will lead to clearer results.
Other Environmental Factors
The home environment is likely to be a major determinant of health in patients with sickle cell disease, although this factor remains largely unexplored other than in a few studies suggesting that exposure to firsthand or secondhand tobacco smoke influences clinical outcomes and complications of sickle cell disease. 79 In addition, high altitude has been linked to various complications in sickle cell disease, presumably because of lower oxygen levels. However, the evidence for this association comes primarily from small studies performed before hydroxyurea was widely used, and the true effects of altitude are unclear. Splenic infarction occurs in sickle cell trait, 80 and splenic sequestration in patients with sickle hemoglobin C disease. 81 Acute vaso-occlusive pain also seems to be more common in patients living at high altitude. 82
Infectious Diseases
Infection is a major determinant of the outcome in patients with sickle cell disease, particularly children in Africa. Infection is probably the most important cause of premature deaths among these children. Splenic dysfunction has a key role in the increased susceptibility to bacterial infections seen in children with sickle cell disease, 83 and pneumococcal and haemophilus infections seem to be important both in the northern and southern hemispheres, suggesting that basic interventions, including penicillin prophylaxis and vaccinations, could lead to substantial improvement in survival among patients with sickle cell disease in lower-income countries, just as such interventions have done in high-income countries. 84 Malaria is the other infection that is widely believed to contribute to excess mortality among patients with sickle cell disease in Africa, although data supporting this belief are scant. Studies in Kenya and Tanzania showed that the incidence of malaria was not increased among patients with sickle cell disease but that the risk of death was higher once malaria developed. 55, 85 In high-income countries, infection also contributes significantly to morbidity and mortality among patients with sickle cell disease, particularly as a cause of death in children (Streptococcus pneumoniae) and as a cause of osteomyelitis (salmonella, Staphylococcus aureus, gram-negative bacilli, and Mycobacterium tuberculosis) 86 and the acute chest syndrome (chlamydia, mycoplasma, and viruses) in all patients, regardless of age. 23 Although the spectrum of infections may vary across environments, the effect is greatly modified by the availability of facilities for prophylaxis and treatment, including access to antibiotics and safe blood transfusion.
Pr ev ention a nd M a nagement
Premarital, antenatal, and neonatal screening programs have been established in some highincome countries, including parts of the Middle East and the United States, but more important, such programs are starting to be developed in areas with a very high prevalence of sickle cell disease, including India and some African countries ( Table S3 in the Supplementary Appendix). The development of cheap and reliable point-ofcare diagnostic tests with high sensitivity and specificity could hugely facilitate screening for sickle cell disease in these lower-income countries, particularly in rural areas across sub-Saharan Africa and India. 87 Nevertheless, if diagnosis is not followed by preventive interventions and treatment with an inexpensive oral agent to prevent complications of acute disease, genotypic identification is almost meaningless.
Clinical outcomes have gradually improved over the years, mostly as a result of developments in supportive care and treatment with hydroxyurea. Relatively few interventions have a strong evidence base, but those that do include penicillin prophylaxis in children, 88 primary stroke prevention with the use of transcranial Doppler screening and blood transfusion, 89 regular blood transfusions to prevent the progression of silent cerebral infarction, 10 and hydroxyurea to prevent acute pain and the acute chest syndrome 90 as well as primary stroke 11 (Table 1) . With growing evidence of the safety and efficacy of hydroxyurea in both adults and children, its use is increasing in high-and lower-income countries, but it continues to be underused. 11, 91 Various other small-molecule therapies are undergoing clinical trials; recent phase 3 trials are listed in Table S1 in the Supplementary Appendix. In addition, a New Drug Application has been submitted to the Food and Drug Administration for an oral, pharmaceutical-grade l-glutamine treatment to reduce the frequency of acute pain and hospitalizations among patients with sickle cell disease. Also, a recent report on a multicenter, phase 2, randomized, placebo-controlled, double-blind study showed that a monoclonal antibody inhibiting P-selectin 92 reduced the frequency of acute pain in adults with sickle cell disease. This is an exciting result, given that hydroxyurea is still the only drug with established efficacy for this indication.
Hematopoietic stem-cell transplantation is potentially curative, although its use is restricted by the high cost, toxicity, and limited availability of suitable donors. This is becoming potentially more applicable with the development of less toxic conditioning regimens and the use of alternative sources of donor cells, 93 although allogeneic stem-cell donation may be superseded by gene therapy and gene editing approaches ( Table  S2 in the Supplementary Appendix). 94 A recent case report describing the use of a self-inactivating lentiviral vector to inhibit HbS polymerization as a proof of concept of complete clinical remission with correction of hemolysis and biologic hallmarks of the disease certainly reflects the fast pace of current developments in gene therapy for sickle cell disease. 95 In view of the technical, economic, and ethical challenges, however, it seems very unlikely that these novel therapies will be widely used in the short term; in the longer term, high costs are likely to remain a major barrier to their availability, particularly in sub-Saharan Africa.
Some of the interventions currently used for the prevention and treatment of sickle cell disease in high-income countries would be costeffective 96 and could save the lives of millions of children in sub-Saharan Africa if implemented now. 1 Other interventions, such as transcranial Doppler scanning or blood transfusion, could be much harder to scale up in areas with a high prevalence of sickle cell disease and limited availability of or access to health care ( Table 1 ). A better understanding of genetic modifiers is essential for advances in gene therapy and drug development. However, the identification of nongenetic risk factors would allow for the tailoring of advice given to patients, and this could potentially have an immediate effect in preventing clinical complications and improving the quality of life for hundreds of thousands of patients worldwide who have sickle cell disease. Disclosure forms provided by the authors are available with the full text of this article at NEJM.org.
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